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Analysis of the interfacial characteristics of BiVO4/metal oxide 
heterostructures and its implication on their junction properties 
Yannick Hermansab, Sebastián Murcia-Lópezc, Andreas Kleina, Roel van de Krold, Teresa Andreuc, 
Joan Ramón Morantec, Thierry Toupanceb, Wolfram Jaegermanna,* 
The formation of heterostructures has proven to be a viable way to achieve high photoelectrochemical water splitting 
efficiencies with BiVO4 based photoanodes. Especially, cobalt and nickel based oxides are suitable low cost contact 
materials. However, the exact role of these contact materials is not yet completely understood because of the difficulty to 
individually quantify the effects of surface passivation, charge carrier separation and catalysis on the efficiency of a 
heterostructure. In this study, we used photoelectron spectroscopy in combination with in-situ thin film deposition to 
obtain direct information on the interface structure between polycrystalline BiVO4 and NiO, CoOx and Sn-doped In2O3 
(ITO). Strong upwards band bending was observed for the BiVO4/NiO and BiVO4/CoOx interfaces without observing 
chemical changes in BiVO4, while limited band bending and reduction of Bi and V was observed while forming the 
BiVO4/ITO interface. Thus, the tunability of the Fermi level position within BiVO4 seems to be limited to a certain range. 
The feasibility of high upwards band bending through junctions with high work function (WF) compounds demonstrate 
that nickel oxide and cobalt oxide are able to enhance the charge carrier separation in BiVO4. Similar studies could help to 
identify whether new photoelectrode materials and their heterostructures would be suitable for photoelectrochemical 
water splitting.
Introduction
In recent years BiVO4 has been declared as one of the most 
promising compounds for photo(electro)chemical water 
oxidation1, due to its preferential 2.4 eV band gap which 
allows the absorption of visible light, its suitable valence band 
position with respect to the O2/H2O redox potential, and 
because it is an inexpensive and non toxic compound made 
from earth abundant elements. High photocurrents have been 
demonstrated with BiVO4-based photoanodes under external 
biases or through coupling to a photovoltaic system. Pihosh et 
al. demonstrated a water splitting photocurrent of 6.72 mA 
cm-2  under 1 sun illumination at 1.23 VRHE  for a WO3/BiVO4 
core-shell nanostructured photoanode with cobalt phosphate 
(CoPi) as a cocatalyst.2 When this nanostructured photoanode 
was coupled to a GaAs/InGaAsP solar cell a solar to hydrogen 
(STH) generation efficiency of 8.1% was obtained. Qiu et al. 
found that a nanocone Mo:BiVO4/Fe(Ni)OOH photoanode 
exhibited a photocurrent density of 5.82 ± 0.36 mA cm-2  under 
1 sun illumination at 1.23 VRHE.3 Abdi et al. reported that a 10-
step gradient-doped CoPi catalysed W:BiVO4 photoanode 
could generate an AM 1.5G photocurrent of ~3.6 mA cm-2 at 
1.23 V vs RHE.4 When this gradient doped BiVO4 photoanode 
was combined with a double-junction amorphous silicon solar 
cell an STH efficiency of 4.9% was obtained. Kim et al. showed 
that also a stand-alone BiVO4 photoanode could be efficient by 
obtaining an applied bias photon-to-current efficiency of 
1.75% at 0.6 V versus RHE for BiVO4/FeOOH/NiOOH.5 These 
reports all indicate that to achieve high water photo-oxidation 
efficiencies, modifications to bare BiVO4 are required. Hereby, 
doping with a hexavalent ion like Mo6+ or W6+ helps to increase 
the majority charge carrier concentration, nanostructuring 
helps to reduce the diffusion length and heterostructuring may 
improve surface passivation, charge carrier separation and 
water oxidation kinetics.
Heterostructures find their origin in the observation that a 
singular compound in most cases do not allow for flawless 
photo(electro)chemical water splitting because that 
compound is lacking one or more required material properties, 
that is the ability to absorb a significant fraction of sunlight, to 
separate charge carriers efficiently and to catalyse the water 
oxidation and/or reduction reaction with a high reaction 
rate.6,7 Practically, photoabsorbers have to be combined with 
compounds with good electrocatalytic activities.8 Noble metal 
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based compounds yield good activities for electrocatalytic 
water oxidation in acidic and basic media, whereas transition 
metal based compounds generally only exhibit good 
electrocatalytic water oxidation activities in basic media.9,10 
For BiVO4, mostly cobalt and nickel containing compounds 
have been found to enhance the water oxidation efficiency, 
while not many studies can be found that state the same for 
heterostructures of BiVO4 with noble metal compounds.2,3,5,11–
15 
To this day, the exact benefits of cobalt and nickel 
containing compounds are still a subject of debate. Some 
authors claim that cobalt and nickel based compounds 
enhance the water oxidation catalytic properties of 
BiVO4.11,14,16,17 Wang et al. found that the photocurrent density 
of BiVO4 photoelectrodes could be enhanced by about 4.0 to 
4.3 times through coating with, respectively, CoOx or CoPi.11 
According to the authors, the enhancement was due to a 
lowering of the activation energy of charge transfer, which 
they rationalized by the previous finding that cobalt based 
compounds reduce the overpotential to 0.41 V.18 The lowering 
of the overpotential could have a mechanistic background 
since Co3O4 was identified as the electrocatalyst with the 
lowest theoretical overpotential for the oxygen evolution 
reaction, based on the optimal binding strength of oxygen to 
the Co3O4 surface, a crucial parameter in the oxygen evolution 
mechanism.19 Additionally, cobalt seems to alter its oxidation 
state during the water oxidation reaction, so that it follows an 
alternate reaction pathway, which could lead to a lower 
activation barrier.20–22 There is, however, no definitive proof 
that the activation energy is lower, because the exact 
transition state complexes for this alternate pathway are 
unknown. Nickel compounds also tend to change the nickel 
oxidation state during the water oxidation process.23,24
Besides insufficient oxidation kinetics, another 
phenomenon which is said to hamper the performance of 
metal oxide photoanodes is the presence of electronic surface 
states.25,26 Trześniewski et al. suggested the presence of 
electronic surface states on the BiVO4 surface since they found 
that the equilibrium potential of untreated BiVO4 lay 0.4 V 
above the water oxidation potential.27 Since similar dark 
equilibrium potentials have been found for TiO2 and α-Fe2O3,26 
a Fermi level pinning mechanism intrinsic to metal oxides 
immersed in H2O can be assumed. Passivation of the apparent 
surface states was presumed to take place when photoanodes 
were coated with transition metal compounds and/or 
titania.28–32 Du et al. observed a reduction of the photocurrent 
onset potential of hematite when coated with NiFeOx, which 
they believed originated from surface passivation, because an 
equilibrium potential was found which was much closer to the 
water oxidation potential.29 Zachäus et al. found through a 
series of intensity modulated photocurrent spectroscopy 
(IMPS) measurements, which can distinguish between surface 
recombination and charge carrier injection into the electrolyte, 
that the low photocurrents of bare BiVO4 photoanodes were 
due to charge carrier surface recombination at the 
BiVO4/electrolyte interface, but that the photocurrent could 
be boosted through the deposition of a very thin ± 1 nm CoPi 
layer, because CoPi seemed to effectively passivate the BiVO4 
surface recombination centers.33
Additionally, it must be observed that heterostructures 
between BiVO4 and other materials with different work 
functions influence the space charge region in BiVO4, which 
may alter the bulk charge carrier separation efficiency. For 
instance, Chang et al. found that the bulk charge transport was 
improved from 56% for bare BiVO4 to 77% for BiVO4/Co3O4.16 
In addition, Barroso et al demonstrated through a series of 
transient absorption spectroscopy measurements that in the 
absence of an applied bias electron-hole recombination in 
hematite photoanodes could be retarded by three orders of 
magnitude after a thin CoOx layer was deposited, which the 
authors attributed to improved charge carrier separation 
through the formation of a Schottky-type heterojunction.34
As outlined above, the exact benefits of heterostructured 
BiVO4 are not yet completely understood. Indirect techniques, 
such as IMPS, surface photovoltage spectroscopy (SPS) and 
transient techniques, have helped to elucidate the effects of a 
heterostructure, however these techniques were not able to 
give direct information on the electronic interface band 
structure and how that affects the contact properties in the 
photoanode.
In this work alternate thin film sputtering and 
photoelectron spectroscopy in ultrahigh vacuum (UHV) were 
used to study heterostructure formation in a direct fashion, 
allowing interfacial band alignment and the interpretation of 
charge carrier separation. As such, the junction of BiVO4/NiO, 
BiVO4/CoOx and BiVO4/ITO solid/solid interfaces were studied. 
The exact effect on the BiVO4 electronic and chemical surface 
structure after interface formation was deduced. Additionally, 
due to the strongly different work functions of NiO and CoOx 
on the one hand and ITO on the other, the extent of Fermi 
level tuning, change of Fermi level with respect to the band 
edges, could be investigated by bringing BiVO4 into contact 
with those materials. As such, bulk Fermi level pinning 
phenomena could be studied.
Experimental section
Synthesis of BiVO4 thin films
The BiVO4 thin films were prepared through pulsed laser 
deposition (PLD) according to a previously published 
procedure.35 In short, a fluorine-doped tin oxide (FTO) glass 
(Sigma-Aldrich, TEC 7 Ω/square) substrate was first cleaned 
with a mixture of acetone/isopropanol/water (1:1:1 %vol) 
through 10 min of sonication. After drying under a N2 stream, 
the substrate was entered into the PLD vacuum chamber and 
heated to 300 °C under an O2 pressure of 200 mTorr. The 
BiVO4 layer was then deposited through ablation of a home-
made BiVO4 target with laser pulses at a repetition frequency 
of 10 Hz, with a total energy set at 150 mJ and an energy 
fluency of 0.5 J/cm2. The target-to-substrate distance was set 
to 90 mm. Approximately 150 nm thick BiVO4 thin films were 
deposited by selecting the right number of laser pulses. Then, 
the BiVO4 thin films were post annealed at 500 °C for 3 h in air. 
The PLD equipment used in this work was a PLD 5000 
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equipment (PVD Products) with a 240 nm excimer KrF (λ = 248 
nm) laser.
Interface formation and analysis
Surface analysis and interface experiments were performed at 
the Darmstadt Integrated System for Materials research 
(DAISY-MAT).36,37 This setup is a combination of several thin 
film deposition chambers, including atomic layer deposition 
(ALD), chemical vapour deposition (CVD) and sputtering,  and a 
Physical Electronics PHI 5700 multi-technique surface analysis 
system to perform Ultraviolet (UPS) and X-ray (XPS) 
photoelectron spectroscopy. Transferring the samples 
between the different compartments is possible without 
breaking the ultra high vacuum (UHV) conditions so that 
contamination in between deposition and analysis is avoided. 
XPS measurements were performed using monochromatic Al 
Kα radiation with an energy resolution of approximately 
400meV, determined from the Gaussian broadening of the 
Fermi edge of a sputter cleaned Ag sample. The Fermi edge of 
the silver sample was also used to calibrate the binding 
energies of all photoelectron spectra.
To study the band alignment of BiVO4 in contact with a 
specific compound, interface experiments were performed. 
First, the BiVO4 thin film substrates were cleaned with acetone 
in an ultrasonic bath for 15 minutes, then rinsed with ethanol 
and water, and subsequently dried using compressed air. 
Then, the BiVO4 thin film substrates were fixed to a stainless-
steel sample holder and entered through a load lock into 
DAISY-MAT. Remaining organic compounds were removed 
from the substrate surface with an oxygen plasma treatment 
of 15 minutes. Then, the interface experiments were 
performed, whereby the target compound was stepwise 
sputtered onto the BiVO4 substrate. After each deposition 
step, core level binding energies of BiVO4 and the sputtered 
compound were measured via XPS. Additionally, ultraviolet 
photoelectron (UP) spectra were recorded of the BiVO4 
substrate and a thick film of the contact material to determine 
the secondary electron cut-offs (SECs), which were used to 
obtain the work functions (WFs) of both materials, according 
to the formula: WF = hυ – SEC (with hυ equal to 21.2 eV (He I 
excitation)).38 The deposition parameters of the investigated 
contact materials, NiO, CoOx and Sn-doped In2O3 (ITO), can be 
found in Table S1 and the estimated thickness evolution of the 
overlayers can be found in Figure S1. NiO and CoOx were 
reactively sputtered from a metallic Ni target and a metallic Co 
target, respectively. ITO was sputtered from a ceramic ITO 
target with 10 % Sn. All targets had a diameter of 2 inches.
Results and discussion
The BiVO4 thin films, used in this work as the substrates for the 
interface experiments, were prepared through PLD according 
to a previously published procedure, whereby XRD 
measurements have shown that the resulting BiVO4 films are 
phase pure monoclinic polycrystalline BiVO4 thin films. 35
   In Figure 1,Error! Reference source not found. the X-ray 
photoelectron (XP) spectra for the BiVO4/NiO, BiVO4/CoOx and 
BiVO4/ITO interface experiments are plotted for various 
deposition times. The most relevant energetic values are 
summarized in Table 1. One can clearly observe the formation 
of an interface for the three interface experiments since the 
Bi4f and V2p3/2 core level intensities of the BiVO4 substrate 
decrease and the core level intensities of the contact layer 
increase with increasing contact layer deposition time (Figure 
1). The XP core level spectra at 0 s belong to the bare BiVO4 
thin film substrates that were treated by an oxygen plasma 
treatment. The oxygen plasma treatment is an effective 
cleaning treatment for ex situ prepared metal oxide samples 
which can leave behind O2- and O22- species, due to the strong 
oxidative nature of the treatment.39–41 However, in the O1s 
line of the BiVO4 samples, there is no indication of such 
peroxides, since these should give rise to an extra signal at a 
higher binding energy besides the main O2- signal at a binding 
energy of 529.8 eV.40 For the bare BiVO4 substrates used in the 
BiVO4/NiO and BiVO4/ITO interface experiments, a Bi4f7/2 
binding energy of 159.0 eV was found, which agrees well with 
the value of Bi3+ in BiVO4, while the V2p3/2 binding energy 
found at 516.7 eV matches with V5+ in BiVO4.42 For the 
BiVO4/CoOx interface the Bi4f7/2 and V2p3/2 binding energies 
are 0.3 eV lower, at 158.7 eV and 516.4 eV respectively. These 
slightly lower binding energies are most likely due to a shift of 
the Fermi level, as the BiVO4 valence band maximum (EF-EVBM) 
of this substrate is 0.3 eV lower as well, at 1.5 eV, while the 
other substrates show a VBM of 1.8 eV. Since oxygen 
vacancies have been cited as a source of unintentional n-type 
conductivity in metal oxide semiconductors,43–45 the oxygen 
plasma treatment could have reduced the number of oxygen 
vacancies, which led to the lower valence band maximum (EF-
EVBM). Except for NiO, the valence band maxima were obtained 
from the corresponding XP valence band spectra and are listed 
in Table 1.
In the first interface experiment NiO was gradually 
sputtered on top of BiVO4. After a first deposition step of 5 s, a 
strong upward energy shift of 0.6 eV and a strong decrease in 
intensity of the Bi4f and V2p3/2 core level emissions were 
observed. The strong decrease in intensity is likely due to a 
relatively thick NiO film being deposited in the first deposition 
step. Indeed, based on the attenuation of the V2p3/2 and Bi4f 
photoelectrons a relatively thick 1.3 nm NiO film is deposited 
after the first deposition step (Figure S1). After the second 
deposition step, the Bi4f and V2p3/2 core level spectra shift by 
an additional 0.1 eV. Afterwards, no more shifts are observed 
for further deposition steps. After a total deposition time of 8 
min, a rather thick NiO layer has been deposited, resulting in 
the absence of signal in the Bi4f7/2 and V2p3/2 spectra. The 
Ni2p spectrum measured after the last deposition step shows 
a main line and satellite structure typical for NiO, so that the 
nickel based overlayer can be assumed to be NiO.46 In the O1s 
spectrum after the last deposition step, a main emission line at 
529.5 eV and a less intense signal 531.5 eV can be observed. 
The main line corresponds to the oxygen species in NiO, while 
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Figure 1: Core level and valence band spectra for the BiVO4/NiO (top), BiVO4/CoOx (middle) and BiVO4/ITO (bottom) interface experiments. The deposition 
times for each contact layer are denoted in the core level spectra.
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Table 1 Summary of energy values of interface experiments
BiVO4/NiO BiVO4/CoOx BiVO4/ITO
BE Bi4f7/2, 0s (eV) 159.03 158.65 159.00
BE Bi4f7/2, final(eV) 158.25 158.22 159.31
BE V2p3/2, 0s (eV) 516.71 516.29 516.71
BE V2p3/2, final (eV) 515.93 515.82 517.00
Total BE shift (eV) -0.78 -0.45 0.30
VBM, BiVO4 (eV) 1.8 1.5 1.8
WF, BiVO4 (eV) 5.9 6.6 5.8
VBM, contact layer (eV) 0.4* 0.3 2.8
WF, contact layer (eV) 5.4 5.7 4.5
BE: binding energy; VBM: valence band maximum; WF: work function; 0s: no 
overlayer deposited yet; final: last spectrum where still enough Bi4f7/2 and 
V2p3/2 intensity is to determine the corresponding binding energy; Total shift: 
mean of total Bi4f7/2 and V2p3/2 binding energy shift.
* Determined from UP spectrum of NiO
the less intense signal at 531.5 eV has been linked to the 
presence of Ni3+, suggesting a small oxygen overstoichiometry 
in the NiO film.47 In the O1s spectrum of other transition metal 
oxides similar shoulders have been observed, which were 
ascribed to O- species and were hypothesized to compensate 
for defects in transition metal oxide subsurfaces.48–50 
In the second interface experiment a CoOx contact layer was 
stepwise sputtered on top of BiVO4. Similar to the interface 
with nickel the binding energies in the Bi4f and V2p3/2 spectra 
shift downward with each deposition step. Here, the binding 
energies shift less drastically due to CoOx being deposited at a 
lower rate, which is also noticeable from the Bi4f7/2 and V2p3/2 
line intensities not decreasing strongly after the first 
deposition step. The Bi4f7/2 and V2p3/2 binding energies shift 
by approximately 0.45 eV, seen over all deposition steps. After 
1 h of deposition, a sufficiently thick CoOx layer was obtained, 
so that the Bi4f7/2 and V2p3/2 core level could not be detected 
any more. Co2+ and Co3+ can be distinguished from each other 
in the satellite structure of the Co2p spectrum with a Co2+ 
feature being apparent at a binding energy of 786 eV and Co3+ 
at 789 eV.21,51 Here, both features are clearly visible, which 
indicates that the deposited cobalt oxide is the mixed oxide 
CoOx (with x lying between 1 and 1.5). Similar to the NiO film 
an extra signal in the O1s core level spectrum can be seen at a 
binding energy of 531.0 eV for which the same explanation 
applies as the one stated above.
For the third interface experiment BiVO4 was stepwise 
covered by an ITO contact layer. Previously, we performed a 
BiVO4/ITO interface experiment for which we found a 
downwards band bending of 0.16 eV and a barrier height of 
1.96 eV.52 However, the ITO layer was deposited at room 
temperature so that the EF-EVBM was limited to 2.5 eV. Here, 
BiVO4 was heated to 400 °C before each ITO deposition step, 
while maintaining a pure argon atmosphere. In this way, the 
amount of oxygen vacancies in ITO and, thus, the Fermi level 
position can be increased. Indeed, the EF-EVBM was now 
determined to be at 2.8 eV (Figure 1), so that the Fermi level 
position coincides with the conduction band minimum (CBM), 
considering an In2O3 band gap of 2.8 eV. 53 In contrast to the 
NiO and CoOx overlayers, the Bi4f7/2 and V2p3/2 binding 
energies shift towards higher values with ITO as a contact 
layer. There is a shift of 0.30 eV after the first deposition step, 
after which the Bi4f and V2p3/2 binding energies do not shift 
anymore with further deposition steps. The binding energy at 
452.3 eV in the final In3d3/2 spectrum is characteristic to ITO.54
Additionally, UP spectra were recorded for all BiVO4 thin 
films and contact materials (Figure 2). The secondary electron 
cut-offs in the UP spectra were used to determine work 
functions, which are summarized in Table 1. The work function 
of the BiVO4 substrates used for the ITO and NiO interfaces can 
be found at 5.8‒5.9 eV, while a 6.6 eV work function was 
Figure 2: UP spectra (He I excitation) of the BiVO4 substrate and contact layer for the 
BiVO4/NiO (purple), BiVO4/CoOx (red) and BiVO4/ITO (blue) interface experiments with 
the secondary electron cut-offs (SECs) and NiO VBM (EF-EVBM) depicted in the figure.
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found for the substrate used in the BiVO4/CoOx interface 
experiment. Again, this higher work function can be explained 
by the change of Fermi level position for this substrate, which 
is also noticeable in the BiVO4 UP spectra.  Work functions of 
5.4 eV and 5.7 eV were determined for NiO and CoOx, 
respectively.
These work functions agree with earlier determined values 
within our group.55,56 However, Greiner et al. came up with 
work functions between 6 eV and 7 eV  for NiO and Co3O4 after 
an extensive photoelectron spectroscopic analysis of the first 
row transition metal oxides.57 Previously, Greiner et al. found 
that NiO thin films prepared through in situ oxidation yielded 
work functions up to 6.7 eV, which, however, dropped below 
6.0 eV over time in vacuum, which the authors explained by 
the adsorption of residual gases in the vacuum.58 A similar 
effect could take place on sputtered CoOx thin films. 
Additionally, as was explained above, an extra line besides the 
main O2- line was observed in the O1s spectrum of the CoOx 
and NiO thin films, which could be due to O- species in the 
subsurface.48 Reasonably, these species could create a positive 
dipole at the surface and, thus, be the cause of a lower than 
expected work function. Since the NiO VBM could not be 
unambiguously determined from the XP valence band 
spectrum, the UP spectrum was used instead. A NiO VBM of 
0.4 eV was obtained, confirming the p-type character of the 
NiO film. A 4.5 eV work function was found for ITO, which 
corresponds to the previously published work functions for 
ITO.59,60
The exact Bi4f7/2 and V2p3/2 binding energy shifts for all 
interface experiments are visualized in Figure 3 and the total 
shifts are listed as well in Table 1. The Bi4f7/2 and V2p3/2 line 
maxima for the BiVO4/NiO and BiVO4/ITO interface experiment 
shift in a similar way, which points to an electronic shift, that is 
Fermi level position shift, rather than a chemical shift. The shift 
is less coherent for the BiVO4/CoOx interface experiment. First 
of all, the initial binding energy positions differ from the other 
substrates, which, as explained above, is most likely due to a 
different doping level in that BiVO4 substrate. Additionally, the 
Bi4f7/2 binding energy shift is 40 meV lower than the V2p3/2 
shift, so that chemical changes during the CoOx deposition are 
not unlikely. Since CoOx was reactively sputtered in an oxygen 
atmosphere, part of the cobalt ions reaching the BiVO4 could 
extract oxygen atoms from the surface instead from the 
sputtering atmosphere. Nevertheless, the 40 meV difference is 
relatively small compared to the overall 0.45 eV shift, meaning 
that the observed binding energy shift originates mainly from 
an electronic shift. Also remarkable is that the binding energy 
shift for all contact materials is quite abrupt, which indicates 
that a very thin overlayer (see Figure S1 for thickness 
estimations) already fixes the electronic properties of the 
junction.
The electronic shifts can be considered to be the result of 
band bending at the interface and can be used in combination 
with the VBMs and WFs listed in Table 1, and the respective 
band gaps, 2.4 eV for BiVO4,61 2.8 eV for ITO,53 3.6 eV for NiO62 
and 2.1 eV for CoOx,63 to construct interface band diagrams, 
Figure 3: Shift of the V2p3/2 and Bi4f7/2 binding energies (BE) with respect to the 
overlayer thickness for the BiVO4/NiO, BiVO4/CoOx and BiVO4/ITO interface.
Figure 4: Energy band diagrams of BiVO4/RuO2, BiVO4/NiO, BiVO4/CoOx and BiVO4/ITO interfaces, determined from the combination of X-ray and ultraviolet photoelectron 
spectroscopy. Band-gap, Fermi level and band edge positions, band bending and barrier heights are shown. All energy values are denoted in eV. The band-gaps of BiVO4, 
NiO, CoOx and ITO were taken from literature.53,61–63 The BiVO4/RuO2 band diagram is adapted with permission from 52, copyright 2018 American Chemical Society. EVac, ECB, 
EF, EVB represent, respectively, the vacuum level, conduction band minimum, Fermi level and valence band maximum.
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which are visualized in Figure 4. There is upwards band 
bending when BiVO4 forms heterojunctions with NiO and 
CoOx, which are high work function materials, and downwards 
band bending when ITO, which is a low work function material, 
is the contact layer. From the measured work functions, 
upwards band bending is not expected for the BiVO4/NiO and 
BiVO4/CoOx interfaces. However, the measured NiO and CoOx 
work functions could be lower than expected, due to the 
adsorption of residual gases or due to dipole formation, as 
explained above.57,58 At the same time the experimentally 
determined work function of BiVO4 in this work lies between 
5.3‒5.9 eV, which is higher than the electron affinity of 4.5‒4.8 
eV commonly published in literature.5,64,65 The high value of 
the work function of BiVO4 could be due to the oxygen plasma 
treatment, which was used to sputter clean the sample and 
could create a negative dipole66,67. These interface 
experiments, thus, suggest that the band alignment of a 
junction cannot be reliably predicted solely from the UPS work 
functions of the separate components that form the junction, 
because additional effects due to the processing may strongly 
modify the outer surface dipole of the individual components. 
The observation of strong upwards band bending for 
BiVO4/NiO and BiVO4/CoOx indicates that the high water 
oxidation efficiencies obtained with heterostructures of BiVO4 
with cobalt and nickel compounds are probably strongly 
affected by improved charge carrier separation.2,5 Previous 
studies confirm this finding. Through a similar combination of 
XPS and thin film sputtering, the junction between ZnO and 
NiO was investigated, whereby a band bending value of 0.45 
eV was concluded based on the difference in Zn2p3/2 binding 
energy before and after the deposition of a 4.5 nm thick layer 
of NiO on ZnO.68 Through transient absorption spectroscopy, 
Barroso et al. observed that CoOx could retard charge carrier 
recombination in hematite by three orders of magnitude due 
to the formation of a Schottky-type barrier that would improve 
the charge carrier separation.34 According to Lin et al. 
Schottky-type barriers also play a role in the water oxidation 
mechanism of TiO2/Ni(OH)2 heterostructures.23 They observed 
through double working electrode photoelectrochemistry, 
which involves two working electrodes that can individually 
sense or control the potential at the absorber and the 
electrocatalyst, that the interfacial barrier height increases 
during oxygen evolution, which they related to the complete 
oxidation of Ni(OH)2 to NiOOH. Contrarily, Zachäus et al. found 
through open circuit potential measurements that the band 
bending in BiVO4 due to CoPi was limited to 0.024 eV.33 This is 
in contrast to the 0.45 eV band bending with CoOx found in 
this work. The lower band bending could be related to the very 
thin ± 1 nm CoPi layers that the authors studied, whereby such 
thin layers could be incomplete and give rise to island 
formation so that the potential drop could still occur over the 
BiVO4/electrolyte interface.22 Differences in open circuit 
potential can only give an overall estimate of band bending, 
but not the actual band bending at the local solid state contact 
between two semiconductors. The important value for the 
actual charge carrier separation at this contact will depend on 
the space charge height as well as on the effective 
recombination rates, whereby both depend on the details of 
the interface formation. Another thing to note is that the band 
bending depends on the BiVO4 bulk Fermi level position so that 
for higher Fermi level positions a stronger band bending and 
more efficient charge carrier separation is expected for the 
same heterostructure interface.
The band diagrams in Figure 4 also show how strongly the 
Fermi level can shift within the band edges, due to the 
difference in work functions of the contact materials. The 
BiVO4/ITO interface yields a barrier height of 2.10 eV due to 
the low work function of ITO, whereas the barrier height for 
the BiVO4/NiO, BiVO4/CoOx and BiVO4/RuO2 amounts to 
1.02‒1.11 eV, caused by the high work function of these 
contact materials. In total, the barrier height difference 
amounts to 1.08 eV. The 1.08 eV barrier height difference 
Figure 5: Bi4f7/2 spectra for the BiVO4/NiO, BiVO4/CoOx and BiVO4/ITO interfaces and V2p3/2, valence band (VB) spectrum for the BiVO4/ITO interface. For the core level spectra the 
background was subtracted using a Tougaard function for the Bi4f spectra and a Shirley function for the V2p3/2 spectra.  Then, the core level spectra were normalized and shifted 
along the x-axis to align the line maxima. The contact layer deposition times are denoted in the spectra.
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indicates that the Fermi level position in BiVO4 can be changed 
over a wide range without causing any changes in the 
electronic structure of BiVO4. Fermi level pinning is, thus, 
unlikely within this 1.08 eV range. To verify that there is no 
change in the electronic structure in BiVO4, one can take a 
closer look to the evolution of the Bi4f7/2 and V2p3/2 core level 
and valence band XP spectra with respect to the contact layer 
deposition time, as presented in Figure 5. For the BiVO4/ITO 
interface a second signal appears at a lower binding energy in 
both the V2p3/2 and Bi4f7/2 core level spectra, which is most 
likely due to partial reduction of the BiVO4 surface. The second 
signal in the Bi4f7/2 spectrum has a binding energy of about 
157.0 eV, which corresponds to the binding energy of metallic 
bismuth.69 The exact binding energy of the second signal in 
V2p3/2 is more difficult to obtain since V5+ can be reduced to 
V4+ or V3+ which have similar binding energies. The reduction of 
V5+ and Bi3+ could be due to bulk Fermi level pinning, whereby 
electrons are not placed in the conduction band states, but 
instead form small polaron states with bismuth and vanadium 
atoms as the centres of these polaron states. The creation of a 
small polaron state on a vanadium lattice site after the 
injection of an electron into the BiVO4 lattice, has been 
theoretically predicted through DFT calculations with the 
polaron state having V 3dz² character and was found to be 
shifted from the conduction band edge into the band gap.70,71 
Furthermore, the localized polaron state has been 
experimentally verified for molybdenum and tungsten doped 
BiVO4 single crystals through resonant XPS.72 Indeed, upon 
closer inspection of the valence band spectrum after 4 s of ITO 
deposition (Figure 5) an additional signal appears in the band 
gap about 0.9 eV from the CBM, the position where the 
localized polaron state due to V4+ would be expected.70–72 With 
further ITO deposition the mixing of the ITO and BiVO4 valence 
band states does not allow further observation of the 
supposed polaron state.
During the deposition of NiO and CoOx no significant 
change in the Bi4f7/2 core level spectrum can be observed 
(Figure 5). There is a small bump appearing at a higher binding 
energy around 160.5‒161.0 eV. This could be due to the 
oxidation of Bi3+ to Bi5+; however since this signal only shows 
up in a low intensity we could not reliably deduce its existence. 
In addition, the distinction between Bi3+ and Bi5+ in Bi4f 
photoelectron spectra can be vague, as was observed for 
compounds with mixed bismuth valence states such as 
BaBiO3.73–75 For both NiO and CoOx a similar Schottky-type 
barrier height between 1.0‒1.1 eV is obtained. Similarly, in our 
previous work we obtained a Schottky-type barrier height of 
1.1 eV for the BiVO4/RuO2 interface.52 The similarity of these 
Schottky-type barrier heights strongly indicate that a 
maximum shift is reached. The reason for this could be Fermi 
level pinning. Another possibility is that the work function of 
CoOx, NiO and RuO2 is not high enough to obtain further band 
bending.
Figure 6 summarizes the interface experiments by showing 
the range over which the BiVO4 Fermi level position can be 
changed relative to the band positions. Based on the interface 
experiments, the range over which the Fermi level position can 
be shifted seems to be limited to 1.08 eV with the lower limit 
at -1.7 eV vs RHE and the upper limit at -0.6 eV vs RHE. Thus, 
defects intrinsic to BiVO4 do not prevent water oxidation since 
the H2O/O2 redox potential lie well within the range over 
which the Fermi level can be changed. Nevertheless, in many 
occasions Fermi level pinning has been identified as a main 
reason for poor BiVO4 photoanode efficiency.33,76–78 However, 
as has been recently pointed out, various synthesis methods 
could introduce different native defects, whereby BiVO4 has 
been mostly synthesized by wet chemical synthesis methods, 
thus in the presence of water and carbonaceous 
species.13,14,78,79 Hence, removing the native carbon and 
hydroxide layer, as was done in this work through an oxygen 
plasma treatment, may remove the BiVO4 surface states, 
which previously have been identified as recombination 
centres and the cause of Fermi level pinning.
Nevertheless, because of the differing work functions of 
CoOx, NiO and RuO2 the BiVO4 Fermi level limit at -1.7 eV vs 
SHE may indicate intrinsic defect compensation, involving gap 
state (polaron) formation, whereby such states could still act 
as charge carrier recombination centres. The observed lower 
Fermi level limit at -1.7 eV vs SHE differs, however, strongly 
from the recently theoretically calculated BiVO4 hole polaron 
level, lying at -2.5 eV vs SHE.71 Alternatively, the hole defect 
compensation level can be estimated from the standard 
reduction potentials involving bismuth and vanadium. As 
presented in Figure 6 the Bi5+/Bi3+ standard redox potential, 
which lies at -1.59 eV vs SHE,80,81 is close to the observed lower 
Fermi level limit. Similarly, the lower limit at -0.6 eV vs SHE can 
be due to the intrinsic defect compensation involving 
reduction of Bi3+ and/or V5+. Indeed, indications of Bi3+ and V5+ 
reduction could be observed in the XP core level spectra of the 
BiVO4/ITO interface experiment (Figure 5). The reduction of 
Bi3+ could be linked to the standard redox potential of 
Bi3+/Bi(s), lying at -0.31 eV vs SHE. Pinpointing the standard 
redox levels involving V5+ is more complicated since the V5+/V4+ 
and V4+/V3+ standard redox potentials do not formally exist, 
possibly due to V5+ and V4+ being unstable in aqueous 
electrolytes, wherein these ions form (hydr)oxide based 
Figure 6: Diagram (left) showing the Fermi level tunability in BiVO4 and the limits 
based on the obtained information from the interface experiments. The BiVO4 band 
positions are here taken at the point of zero charge. 82,83 A series of standard redox 
potentials related to bismuth and vanadium species80,81 and theoretically determined 
BiVO4 polaron levels71 (right) are listed relative to the standard hydrogen electrode 
potential.
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compounds. Nevertheless, the V5+/V4+ and V4+/V3+ reduction 
can be represented by the V2O5/VO2+ and VO2+/V3+  standard 
redox potential at -1.0 eV vs SHE and -0.34 eV vs SHE.80,81 The 
Bi3+/Bi(s), V2O5/VO2+ and VO2+/V3+ standard redox potentials 
differ, however, from the Fermi level limit at -0.6 eV vs SHE, 
which may due to the solid state reduction potentials being 
different from the standard reduction potentials measured in 
an electrolyte, because of the different coordination of metal 
ions in an electrolyte compared to a crystal lattice. 
Additionally, the calculated V5+/V4+ polaron level70,71 lies about 
0.3 eV lower than the observed upper Fermi level limit. 
Further reduction of V4+ to V3+ may be possible, but the 
reduction of V3+ to V2+ is unlikely due to its relatively high 
standard reduction potential at 0.26 eV vs SHE.
Conclusion
In conclusion, we have demonstrated that the Fermi level 
position within BiVO4 can be effectively tuned over a range of 
1.1 eV through the formation of junctions with high and low 
work function materials. High upwards band bending, 0.45 eV 
and 0.78 eV for BiVO4/CoOx and BiVO4/NiO, respectively, 
indicate that high work function transition metal oxides may 
play important role in the separation of charge carriers upon 
light absorption. Additionally, Fermi level pinning seems to be 
limited for decreasing EF-EVBM, which would explain the 
intrinsic electronic stability of BiVO4 at anodic potentials. For 
increasing EF-EVBM, as probed by contacting BiVO4 at elevated 
temperature with a low work function material, ITO, Fermi 
level pinning seems to take place at EF-EVBM > 2.0‒2.1 eV since 
a reduction of bismuth and vanadium was observed when the 
BiVO4/ITO contact was established. This Fermi level pinning 
state has most probably no severe implications for reduction 
reactions in photoelectrochemical cells since BiVO4 is usually 
not subjected to cathodic potentials. However, it may limit the 
effective n-type doping concentration which can be attained 
by adding electron donating elements. Future interface 
experiments could focus on the band alignment of contact 
materials with specific crystalline facets of BiVO4 to elucidate 
whether surface structure has a strong influence on the 
contact properties. Furthermore, promising photoelectrode 
candidates could be studied in a similar way to identify 
whether they will be able to achieve high efficiencies for 
photoelectrochemical water splitting and if certain contact 
materials could improve the contact properties.
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